Preservation of Cryptosporidium oocysts in faecal specimens containing 75% ethanol is suitable for subsequent morphometric and molecular analysis. No significant morphologic alteration occurred after storage at ambient temperatures, ranging from 22 to 38°C, for more than 2 years. After washing, sugar floatation and DNA extraction, a nested polymerase chain reaction targeting the small subunit ribosomal RNA gene successfully amplified Cryptosporidium DNA in all 15 isolates examined. The sensitivity of detection by polymerase chain reaction (PCR) was found to be as high as 1.25 oocysts per reaction (mean ¼ 3.01, SD ¼ 1.14). Importantly, a 2.2-kb of the complete DNA sequence of a gene encoding Cryptosporidium thrombospondin-related adhesive protein (TRAP-C1) was also consistently amplified by PCR in all isolates. The PCR-amplified product can be used as a good template for sequencing. Therefore, this simple procedure should be useful for epidemiological analysis of clinical samples from outbreaks, endemic or sporadic cases of cryptosporidiosis when long-term storage of oocysts is required.
Introduction
Cryptosporidium, a coccidian protozoon belonging to phylum Apicomplexa, is an important aetiologic agent of diarrhoeal disease in both immunocompetent and immunocompromised hosts. To date, at least 10 species of Cryptosporidium have been considered to be valid (Fayer et al. 2000) . Of these, four species have been implicated in human infections, i.e. C. parvum, C. meleagridis, C. felis, and C. muris (Pieniazek et al. 1999; Katsumata et al. 2000; McLauchlin et al. 2000; Morgan et al. 2000; Pedraza-Diaz et al. 2000) . Furthermore, C. parvum can be subdivided into genotypes 1 and 2, and a newly identified 'dog' genotype (Pieniazek et al. 1999) . Importantly, transmission of the genotype 1 of C. parvum has been confined only to humans while the genotype 2 can be transmitted via both zoonotic and anthroponotic cycles (Peng et al. 1997) . Therefore, precise species identification of Cryptosporidium is undoubtedly important for a basis of control strategy because no effective therapeutic agent for these coccidia has been available (Griffiths 1998) . Recent studies have shown that molecular methods are required for diagnosis of species besides morphometric analysis and crosstransmission experiments among various animal hosts (Tzipori & Griffiths 1998; Xiao et al. 2000) . In routine hospital-based diagnosis of cryptosporidiosis where active case detection is usually encountered, the faecal samples containing oocysts are usually discarded after diagnosis, resulting in a lack of molecular epidemiological knowledge for this organism in these clinical specimens. Hence, fresh stool samples containing oocysts are often required for molecular study. However, the oocysts seem to be vulnerable to temperature changes (Fayer et al. 2000) . Although potassium dichromate has been used to preserve oocysts for subsequent characterizations of Cryptosporidium, it is not always available in routine laboratory service and requires cold (4°C) storage. Longterm storage in potassium dichromate over 1 year may not retain oocysts for further molecular studies (Johnson et al. 1995) .
We describe a simplified procedure for copropreservation of Cryptosporidium oocysts without refrigeration. No significant change of oocyst morphology and morphometry was observed. Furthermore, we have modified a DNA extraction procedure for subsequent molecular analysis. The methods are sensitive, reproducible and should be practical for epidemiological study of oocysts presented in faecal samples from patients. The capability of long-term storage at ambient temperatures should provide an advantage over other preservatives when viability of sporozoite is not required.
Materials and methods

Sources of Cryptosporidium oocysts
Fifteen diarrheal stool samples containing Cryptosporidium oocysts from patients attending King Chulalongkorn Memorial Hospital during 1998-1999 were collected for analysis. Ethical clearance of this study was given by the Ethical Committee of the Faculty of Medicine, Chulalongkorn University.
Preservation of oocysts
Identification of Cryptosporidium oocysts based on modified Kinyoun acid-fast stain of fresh faecal smear was done within a few hours of passage from the patients (Ma & Soave 1983) . The remaining part of each sample was measured for volume and was preserved by adding three volumes of absolute ethanol. After thorough mixing, all samples were kept at ambient temperatures in Bangkok, varying from 22 to 38°C, until analysis.
Morphologic and morphometric analysis
Morphologic examination of Cryptosporidium oocysts was done at 1000· magnification of fresh faecal smear stained according to the modified Kinyoun acid-fast method (Ma & Soave 1983) , comparing fresh samples with ethanolpreserved stool samples which were kept for varying period, ranging from 1 year and 1 month to 2 years and 5 months ( Table 1 ). The length and width of oocysts were determined from the borders of the oocyst walls. Thirty oocysts of each slide were measured for their dimensions. We searched for empty oocysts or oocysts without internal sporozoites among at least 100 oocysts from each stained slide. 
DNA extraction
Ethanol-preserved faecal samples containing oocysts were thoroughly mixed. A 500-ll aliquot of the suspension was washed thrice by adding excess volume of sterile water followed by centrifugation at 12 000 · g for 5 min. After removal of the supernatant, the pellet or suspension that remained was re-suspended in 5-10 volumes of 55% (w/v) sucrose solution, overlaid with water and centrifuged at 1000 · g for 15 min (Kim et al. 1992) . After removal of the sucrose solution by washing thrice in sterile water, enumeration of oocysts was done by using a haemocytometer and by examining the entire smear stained with the modified Kinyoun acid-fast method using 4 ll of each sample. Oocysts were counted by two observers independently. Average numbers of the oocysts determined from both methods were used for the calculation of the detection limit by polymerase chain reaction (PCR).About 250 ll of the remaining suspension were used for DNA extraction using the Promega Genomic DNA Purification Kit (Promega, USA) according to manufacturer's instructions. A slight modification is that after adding 300 ll of cell lysis solution supplied in the kit, approximately 250 ll of glass beads with diameters of 425-600 lm (Sigma, USA) were added and vortexed vigorously for 15 min. After ethanol precipitation, the DNA was dissolved in 20 ll of Tris-EDTA (TE) (10 mM Tris-HCl, pH 8.0 and 1 mM EDTA, pH 8.0) buffer.
Amplification of Cryptosporidium DNA
Amplification of a DNA fragment encompassing a species-specific sequence within the small subunit ribosomal RNA (SSU rRNA) gene was performed by a nested PCR. Primers used for primary PCR were CR-P1 (5¢-CAG GGAGGTAGTGACAAGAA-3¢) and CR-P2 (5¢-TCAG CCTTGCGACCATACTC-3¢), corresponding to nucleotides 437-456, and 1070-1089, of the C. parvum HCNV4 sequence, respectively (GenBank accession number AF093489) (Xiao et al. 1999) . The internal primers for nested PCR include CR-P3 (5¢-ATTGGAGGGCAAGTCTGGTG-3¢) corresponding to nucleotides 525-544 (GenBank accession number AF093489) and CPB-DIAGR whose sequence was previously reported (Johnson et al. 1995 A long PCR amplification of the complete sequence of the thrombospondin-related adhesive protein (TRAP-C1) gene was done using primers CR-TRAP-F: 5¢-CA-ATAAGTGAAGAATTGTGGTGGA-3¢ and CR-TRAP-R: 5¢-GTAGTGTAGTAATTAATCTAACCAGA-3¢, corresponding to nucleotides 1091-1114, and 3291-3316 of the Cryptosporidium Moredun strain (GenBank accession number AF017267), respectively (Spano et al. 1998a) . Reaction mixture was in 30 ll containing 2 ll of Cryptosporidium DNA, 300 lM each dNTP, 3 ll of LA PCR buffer, 0.3 lM of each primer and 1.25 units of LA Taq polymerase (Takara, Japan). The thermal cycler profile contained a pre-amplification denaturation at 94°C for 1 min, 35 cycles of 96°C for 20 s and 62°C for 5 min and a final extension at 72°C for 10 min. The expected PCR product was 2.2 kb. Amplification was performed in a Perkin-Elmer 2400 thermal cycler (Perkin-Elmer, USA). PCR products were analysed by electrophoresis in agarose gel, stained with ethidium bromide and visualized under UV transillumination.
DNA sequencing
The DNA sequence of the TRAP-C1 gene was determined from an isolate randomly selected from the PCR-amplified samples. Direct sequencing of the purified PCR product was performed using the ABI PRISM Ô dRhodamine Terminator Cycle Sequencing Ready Reaction Kit with Ampli Taq DNA polymerase and a sequencing primer TRAPC1-S2: 5¢-TCCATGCTATACACATAGAT-3¢ (positions 1971-1990 after GenBank accession number AF017267). The reaction contained 8.0 ll of terminator ready reaction mix, 300-500 ng of template DNA, and 3.2 pmol of primer in a total reaction volume of 20 ll. Cycle sequencing was performed according to the manufacturer's protocol using an ABI PRISM Ô 310 DNA sequencer. Verification of nucleotide substitutions was performed by direct sequencing of amplified PCR products from three separate reactions using DNA from the same isolate.
Statistical analysis
Differences in group means of oocyst dimensions were analysed using the Student's t-test. Significance was defined at the 5% level.
Results
Morphology and morphometry of Cryptosporidium oocysts after long-term storage in ethanol
Examinations of modified Kinyoun acid-fast-stained slides have shown that Cryptosporidium oocysts in all isolates retained typical morphology, i.e. a clear oocyst wall with carbol fuchsin-stained sporozoites inside and refractile residual bodies. Both fresh faecal smear and ethanolpreserved samples from each isolate gave equally well-defined characteristics of oocysts ( Figure 1 ). All ethanol-preserved samples took stain well, similar to those from freshly passed faecal oocysts. The number of empty oocysts did not differ significantly between ethanolpreserved samples and those from fresh faecal smears (d.f. ¼ 14, P ¼ 0.71) ( Table 1) . Determinations of oocyst dimensions based on length and width of 30 oocysts per smear have shown that ethanol preservation did not alter the size of oocysts compared with those from fresh samples (d.f. ¼ 14, P ¼ 0.18 and 0.29 for width and length differences, respectively). Remarkably, storage for up to 2 years and 5 months at fluctuating room temperature did not alter the morphology and the morphometry of the oocysts (Table 1) .
Amplification of the SSU rRNA gene fragment
A nested PCR targeting a portion of 516 bp of the Cryptosporidium SSU rRNA gene was successfully amplified in all 15 DNA templates from isolates stored in ethanol for varying periods as described in Table 1 (data not shown). All heterologous DNA templates gave negative results in all PCR assays while the target DNA fragments were consistently amplified using positive control DNA (data not shown). The sensitivity of PCR amplification was evaluated in five isolates (CR17, CR27, CR31, CR32 and CR45) by enumeration of oocysts, excluding empty oocysts, in each sample prior to DNA extraction. Dilutions of the DNA templates were 1 : 5, 1 : 10, 1 : 50, 1 : 100, 1 : 250, 1 : 500, 1 : 750, 1 : 1000, 1 : 1250, 1 : 2500 and 1 : 5000. Results 
(38.4) (7.7) (3.8)
(34.7) (6.9) (3.5) revealed that the minimum numbers of oocysts that could be amplified varied from 1.25 to 4 oocysts (mean 3.01 ± 1.14) per PCR (Table 2 and Figure 2 ). Based on the average minimum number of oocysts required for a positive PCR in this study, a 10.4 megabase genome size (Blunt et al. 1997) and 10 copies of the SSU rRNA gene per oocyst of Cryptosporidium (Le Blancq et al. 1997) , approximately 0.13 pg of Cryptosporidium DNA and 60 copies of the SSU rRNA gene, can be detected by this method, respectively.
Amplification of the TRAP-C1 gene
In order to examine the integrity of DNA after long-term storage in a high range of temperature variation, we amplified a long target DNA encompassing a 2.2-kb of the TRAP-C1 gene of Cryptosporidium. All isolates tested were consistently amplified giving a single band of expected size (Figure 3) .
Sequencing of the TRAP-C1 gene
The sequence of the middle portion encompassing 410 bp (nucleotides 1999-2410) of the TRAP-C1 gene (GenBank accession number AF017267) was determined from isolate CR45. Identical results were obtained using templates from three separate PCRs of the same isolate. Comparison of the TRAP-C1 sequence with that of the Moredun strain revealed that isolate CR45 contained 12 nucleotide substitutions, eight of which were identical to the P12 sequence, an isolate derived from human infection (Spano et al. 1998b) . Four substitutions occurring in isolate CR45 were newly identified at 911G fi T (R304I), 913G fi A (D305N), 917C fi T (A306V) and 1005C fi T (S335). Notably, 10 of 12 substitutions in isolate CR45 created amino acid exchanges.
Discussion
Despite the fact that Cryptosporidium oocysts in faecal samples can be used for morphologic characterization, molecular analysis and experimental susceptibility in heterologous hosts, proper collection of faecal samples without preservative usually requires refrigeration (McLauchlin et al. 1999 Pieniazek et al. 1999; Morgan et al. 2000; Xiao et al. 2000) . Furthermore, the oocysts seem to be vulnerable to destruction after a drastic change of temperature (Fayer et al. 2000) . Previous studies have shown that potassium dichromate can preserved the oocysts at 4°C for subsequent molecular analysis (Johnson et al. 1995; Peng et al. 1997; Pieniazek et al. 1999; McLauchlin et al. 2000; Morgan et al. 2000; Xiao et al. 2000) . However, removal of potassium dichromate prior to DNA amplification is essential (Johnson et al. 1995) . Although long-term storage of faecal oocysts in formaldehyde was reported to be possible for molecular analysis (Zhu et al. 1998) , it is not always reproducible in our preliminary observation and another study (Johnson et al. 1995). Here we report that ethanol can be used as an alternative for preservation of Cryptosporidium oocysts without significant loss of oocyst morphology and DNA property. Ethanol is available in almost all routine laboratory services. More importantly, oocysts can be preserved in ethanol at ambient temperature with a wide range of fluctuation (16°C), for more than 2 years without apparent drawback for subsequent analysis. The sensitivity of detection by nested PCR targeting a portion of the SSU rRNA gene using DNA templates from ethanol-preserved oocysts is comparable with the results from the unpreserved or potassium dichromate-preserved samples in other reports (Morgan & Thompson 1998) although we have not conducted a comparative study with other preservatives or with different storage conditions. The high sensitivity of detection by PCR to as little as 1.25 oocysts per reaction supports that ethanol preservation, our modified DNA extraction procedure and nested PCR targeting the SSU rRNA gene are useful for diagnosis and subsequent species determination of Cryptosporidium. On the other hand, potassium dichromate and formaldehyde exert a strong inhibitory effect on PCR, resulting in nonreproducible outcomes (Johnson et al. 1995) . A successful amplification of long DNA target of 2.2 kb indicates that fragmentation of DNA during the extraction process does not substantially occur, and confirms that the method reported in this study should be useful for molecular characterization of long DNA fragments of Cryptosporidium. The 2.2 kb PCR-amplified DNA product from an isolate in this study gave a satisfactory outcome for DNA sequencing. Thus, faecal samples collected at different time points can be kept until molecular study is possible. Furthermore, correlation between morphometric and molecular analysis should also be possible.
